Abstract-A full-wave, wide-band field solver based on surface integral formulation is introduced. The equivalence principle is used to derive the surface integral formulations based on the interior and the exterior electric and magnetic fields and the boundary conditions. The method of moments (MoM) is used to transform the continuous surface integrals to a discretized linear matrix system. Singularity cancellation and subtraction methods are used to address the numerical integrations of weakly and highly singular terms, respectively. The loop-star basis and testing functions are used along with the frequency scaling to address the low frequency problem. The accuracy of the field solver is analyzed for various surface integral equations as well as roof-top and loop-star basis and testing functions.
INTRODUCTION
The significance of parasitic extraction for integrated circuit (IC), printed circuit board (PCB) or package interconnects increases as the switching frequency, density and complexity continue to increase [1] . For the interconnect problem, integral-equation-based methods such as the method of moments (MoM), are more attractive compared to differential-equation-based methods, such as the finite difference method (FDM) or the finite element method (FEM). The former involves discretizing the conductor surfaces or volumes whereas the latter involve discretizing the whole problem domain. Earlier integral-equation-based tools, such as FastCap and FastHenry, are based on electro-quasistatic (EQS) and magneto-quasistatic (MQS) assumptions, where the electric and magnetic displacement currents are neglected, respectively [2, 3] . In [3] , electromagnetoquasistatic (EMQS) approach is also applied where both capacitive and inductive effects are considered by assuming a surface charge, whereas in the MQS case, the surface charge is assumed to be zero. In [4] , the EMQS method is applied so that only the conductor surfaces are discretized, whereas in [3] , both volumes and surfaces of conductors are discretized. Full-wave parasitic extraction is necessary for high frequencies since the EMQS assumption becomes inaccurate when the structure's maximum size is comparable to the wavelength. The full-wave solution is obtained using the original Maxwell equations without any assumptions. Although several research groups proposed surface-integral-equation-based solutions recently, this still remains an open research area due to the frequency-dependent nature of the problem [5, 6] .
In this paper, a full-wave, wide-band surface-integral-equation-based field solver is presented. In Section 2, a surface integral formulation based on the equivalence principle is introduced. In Section 3, the discretization of the surface integral formulation is explained. In Section 4, the details of the implementation is discussed. In Section 5, various experiment results are presented to show the accuracy of the field solver for canonical examples over a wide frequency range. Section 6 contains the concluding remarks.
SURFACE INTEGRAL FORMULATION
Any arbitrary-shaped interconnect can be considered as a homogeneous volume with permittivity 2 and permeability µ 2 residing in an unbounded exterior medium with ( 1 , µ 1 ). Dielectric and lossy conducting objects have real and complex values of 2 , respectively. According to the equivalence principle, the original problem in Fig. 1(a) can be separated into two problems where the homogeneous medium Green's functions for the interior and the exterior regions can be used [7] . For the interior problem in Fig. 1(b) , the exterior and the interior fields are zero and non-zero, respectively. To compensate for the difference in the interior and the exterior fields, fictitious electric and magnetic surface currents are assumed to exist over the surface. For the exterior problem in Fig. 1(c) , the interior and the exterior fields are zero and non-zero, respectively and the fictitious surface currents are in the opposite direction of the interior problem. The surface normal unit vectorn points outward and (E inc , H inc ) represent the incident electric and magnetic fields. The interior and the exterior surface integral equations are obtained by using the Green's vector identity [9] . These equations can further be cast in a parametric form
where
represents the exterior and the interior regions, respectively. For a perfect electric conductor (PEC), (1) and (2) reduce to electric field integral equation (EFIE) and magnetic field integral equation (MFIE), respectively. When α 1 = α 2 and β 1 = β 2 , (1) and (2) represent the Poggio-Miller-Chang-Harrington-Wu-Tsai (PMCHWT) equations.
DISCRETIZATION
MoM is used to transform continuous surface integrals to a discretized linear matrix system [8] . Fig. 2 shows the roof-top, loop and star functions used in the discretization process along with the reference current directions for each function. Rao-Wilton-Glisson (RWG) or roof-top functions are defined as follows [10] . 
Loop and star (LS) functions simply represent divergence-free and nondivergence-free parts of the electric and magnetic currents, respectively [14] .
where N n is the number of edges for loop n and γ i can be −1 or 1 depending on the current direction.
Surface currents can be represented by RWG and LS functions as follows,
where N is the number of independent edges, N l is the number of internal nodes. Λ i , L n , S n represent RWG, loop and star functions for edge i, node n and element n, respectively. Testing (1), (2) and expanding currents with RWG functions, we obtain
where f , g = f · gds . When Equations (1), (2) are discretized with loop-star functions, each matrix component A i , B i and C i in (6) is composed of four sub-matrices due to loop-loop, loop-star, star-loop, star-star interactions. Similarly, each vector, J, M , E, H is composed of two sub-vectors due to loop and star parts.
IMPLEMENTATION
The presented field solver is written in Fortran90 and supports triangular patches in neutral format from any outside mesher. Reference edge current direction for the first encountered edge is assumed to be outward and normal to the edge. The same edge corresponding to a latter element is assigned a negative value which implies that the current direction is inward and normal to the edge. This avoids the computation of the current direction based on the surface normal and the edge vectors. Each matrix element involves a double integration which is carried out only for element pairs where one and three Gaussian quadrature points are used for the outer and the inner integrals, respectively. For roof-top basis and testing functions, each matrix element corresponds to non-boundary testing and source edge pairs and is composed of four contributions due to the interactions between testing and source triangles connected to the edge pairs. For loop-star basis and testing functions, each matrix element corresponds to loop-loop, loop-star, star-loop or star-star pairs. Loop current orientation is counter-clockwise and patch current direction is outward. The same algorithm is used to compute integrals for each element pair and contributions for each edge pair, however each edge-pair contribution is added to sixteen matrix locations with the correct sign. In the case of excitation or right-hand-side vector, contribution from each testing edge is added to four locations with the correct sign. To address the low frequency problem, frequency scaling is used in addition to the loop star functions [6] .
EXPERIMENT RESULTS
The EFIE and MFIE electric currents are analyzed and compared for a PEC sphere of radius 0.2λ for a z-directed, y-polarized incident electric field at 300 MHz in Fig. 3 . The number of nodes, elements and edges on the discretized sphere are 1749, 1856 and 2784, respectively. The electric surface currents in Figs. 3(b) and 3(c) are consistent between EFIE and MFIE formulations based on the RWG basis and testing functions. The PMCHWT-based electric and magnetic currents are analyzed in Figs. 3(d), 3 (e) for a dielectric sphere of permittivity 2 0 . These results are consistent with [14] .
The accuracy of the loop-star basis and testing functions along with frequency scaling are compared to roof-top basis and testing functions with respect to frequency. Thin plate with width and 
CONCLUSION
A full-wave, wide-band surface-integral-equation-based field solver is introduced for arbitraryshaped homogeneous objects which is applicable to interconnect parasitic extraction problem. Surface integral equation is discretized using method of moments which involves the discretization of only conducting surfaces. The tool is full-wave since it does not make any assumptions for solving the Maxwell's equations. It is wide-band since it separates divergence-free and non-divergence-free components of the electric and magnetic surface currents. The accuracy of the tool is validated using canonical objects over a wide frequency range.
